In the pharmaceutical, cosmetic and agrochemical fields, it is important to predict the rate at which drug molecules penetrate the skin. To date, several prediction models have been proposed. In many cases, skin permeation was assumed to consist of two processes, i.e., partitioning and diffusion, from a physicochemical point of view. The skin-vehicle partition coefficient of the solute was ascribed using the organic phase-water partition coefficients [1] [2] [3] [4] [5] or solvatochromic parameters [6] [7] [8] based on a linear free energy relationship, while solute diffusivity through the membrane was described by molecular weight, 2,5) molar volume, 6-9) hydrogen-bonding parameters, 4) and atomic charges. 10) In some cases, heterogeneity in permeation pathway through the skin was also considered to explain the relationship between physicochemical parameters and skin permeation. [11] [12] [13] [14] We have previously demonstrated that the percutaneous absorption of drugs having different lipophilicities can be successfully predicted based on a two-layer diffusion model with parallel polar and nonpolar pathways, where partition coefficients between nonpolar pathway and aqueous vehicle is related with octanol/ water partition coeffcients. 13, 14) As mentioned above, many studies have been conducted to obtain a relationship between the skin permeability and physicochemical properties of the drug, mainly in order to investigate the mechanisms underlying drug transport through the skin. As far as drug design is concerned, it is also important to be able to predict the skin permeability of drugs from their molecular structures. A fragment substructure method is one of quantitative structure-activity relationship (QSAR) techniques that can be used for this purpose. Pugh and Hadgraft. 15) analyzed the human skin permeability of 91 compounds which had been collected by Flynn, 1) and demonstrated that the fragment substructure approach was fairly satisfactory as far as predicting skin permeability was concerned. Indirect QSAR approaches have also been proposed, where octanol/water partition coefficients, 1, 16) and solvatochromic parameters 6, 8) were calculated from fragment substructures and then used as descriptors for skin permeation.
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A major problem associated with fragment substructure methods is that the effect of the remainder of the molecular environment on fragment properties was not considered. Thus, it may give an inaccurate result, as have been suggested in predicting organic solvent/water partition coefficient. 17) Alternatively, to calculate the physicochemical properties of a drug molecule, molecular mechanics/dynamics or molecular orbital calculation can be used. Using these approaches, the global and local properties of a drug molecule can be obtained from its 3-dimensional structure. Recently, it has been reported that the permeability across biological membranes, such as Caco-2 cells 18, 19) and blood-brain barriers, 20) can be successfully predicted based on theoretically computed physicochemical descriptors.
To analyze the relationship between molecular properties and biological effects including skin permeability, linear equations have been used conventionally because of the simplicity of this approach. However, it is not absolutely certain that biological phenomena can be described by such linear equations. Recently, an artificial neural network has been proven to be suitable for processing data on the complicated relationship between causal factors and their results. 21) An artificial neural network is a computer-based system derived from a simplified concept of the brain in which a number of neurons are interconnected in a net-like structure. Topologically, a feed-forward layered neural network consists of an input layer, an output layer, and any number of intermediate layers called hidden layers. Each unit (or neuron) in the layers is influenced by those units in the adjacent layer, the degree of influence by those neurons being dictated by the value of the connections, or their weight. To date, in the pharmaceutical field, a neural network approach has successfully predicted the octanol/water partition coefficient 22) and oral bioavailability 23) of drugs, and it has been used for the analysis of clinical pharmacokinetic data, 24) and the design of pharmaceutical formulations.
In this article, we have attempted to predict the skin permeability of drugs from their molecular structure using a combination of molecular orbital (MO) calculations and a feed-forward artificial neural network as a modern informatic tool. Human skin permeability data for a number of structurally diverse compounds were taken from the literature 1) and their physicochemical descriptors were calculated from their 3-dimensional molecular structures. The correlation between the skin permeability coefficient and the calculated molecular descriptors was obtained using a neural network. In addition, the predictability of this approach was compared with the results obtained by other methods.
METHODS
Human skin permeability coefficients (log K p ) of 92 structurally diverse compounds were taken from literature. 1) Firstly, the structures of the compounds were built with Chem 3D Pro Ver. 5.0 software (CambridgeSoft Co., Cambridge, MA, U.S.A.) and modeled in their neutral forms. Geometry optimization was performed initially by molecular mechanics (MM2) force field and subsequently using the AM1 Hamiltonian of a semi-empirical MO PACkage (MOPAC97). These descriptors included dipole moment, polarizability, sum of charges of nitrogen and oxygen atoms (sum(N,O)), and sum of charges of hydrogen atoms bonding to nitrogen or oxygen atoms (sum(H)).
Subsequently, the calculated molecular descriptors and skin permeability were correlated using a feed-forward 3-layered neural network (Fig. 1 ). All the calculation was performed using QwikNet Ver.2.23.
26) The input layer consisted of four molecular descriptor variables (dipole moment, polarizability, sum(N,O), sum(H)), whereas the output layer contained the response variable (log K p ). Before training was started, the input values were scaled between Ϫ1 and 1, while the output data were scaled between 0 and 1. An error back-propagation algorithm was used for network training, where the learning rate and momentum parameter were 0.05 and 0.7, respectively. The range of weights was set to be Ϫ5 to 5. To avoid "overfitting" to the data, a 5% level of Gaussian noise was added to the input patterns in back-propagation training.
27) The goodness-of-fit was evaluated by the rootmean-square (RMS) error, defined as follows:
The predictability of a neural network model was evaluated by a "leave-one-out" cross-validation procedure. This method systematically removed one data point at a time from the training set. A network model was then constructed on the basis of this reduced data set and was subsequently used to predict the removed data. This procedure was repeated for all data so that a complete set of predicted values was obtained. Table 1 summarized log K p , the molecular weight (MW), octanol/water partition coefficient (log PC o/w ) and results of the MO-calculated molecular descriptors for all the studied compounds. The compounds cover a reasonably broad range of chemical types (hydrocarbons, alcohols, ketones, ethers, esters, carboxylic acids, amines, amides, steroids, and barbiturates), lipophilicity (Ϫ2.25Յlog PC o/w Յ5.49), and size (18.0ՅMWՅ765.0). A significant linear correlation between polarizability and MW (r 2 ϭ0.976) was observed. In the case of drugs whose polarizability and dipole moment had been experimentally determined, 28, 29) these values were compared with the calculated ones. Linear regression of the calculated versus experimental polarizability values yielded a high correlation coefficient (r 2 ϭ0.98). Similarly, the calculated dipole moment also provided a reasonable fit (r 2 ϭ0.89). When a multiple linear regression analysis of log K p was performed, the following equation was obtained:
RESULTS
where m and a are the dipole moment and polarizability, respectively. Basic information on the multiple linear regression analysis was shown in Table 2 . The same data were subjected to neural network analysis. A preliminary study indicated that the neural network model with a configuration of 4-4-1 was optimal in terms of RMS error. Figure 2 shows the relationship between observed and calculated log K p , based on both multiple linear regression and neural network analyses. The RMS error obtained for linear regression analysis was 0.930, which was much larger than that for neural network analysis (RMS errorϭ0.528). In Fig. 3 , the optimal model was used to predict values for unknown compounds using a "leave-one-out" cross-validation procedure. The predictive RMS error for the "leave-oneout" prediction analysis was 0.669. Thus, a neural network model can predict skin permeability with a reasonable accuracy from calculated molecular descriptors of compounds.
DISCUSSION
Percutaneous absorption is a complex phenomenon that fundamentally involves diffusion and partitioning processes. Solute partitioning from an aqueous solution is determined by solute-solvent interactions that involve dipole-dipole interactions. The permanent dipole moment of a molecule is directly related to these interactions. The polarizability of the molecule is also responsible for solubility phenomena, since it determines inducible dipole moments. 30) Hydrogen bonding is another important force to determine solute-solvent interactions. Early studies have suggested that the free energy of solute transfer into stratum corneum lipids is a function of the hydrogen bonding ability of the permeant. 4) This energy would reflect the process of 'stripping' a molecule from its water of hydration. Thus, the dipole moment, polarizability, sum(N,O) and sum(H) were considered to be good measures to describe partitioning into the skin. Diffusivity of the solute is also an important factor, primarily determined by its molecular size. The polarizability has a dimension of volume; if the molecule contains large atoms with electrons some distance from the nucleus, the nuclear control is less, the electron distribution is less rigid, and, hence, the polarizability is greater. 31) Thus, the polarizability of a molecule is a good measure of its volume. In fact, the calculated polarizability of the compounds investigated was correlated closely with its molecular weight (r 2 ϭ0.976). Therefore, when the polarizability was used as a molecular descriptor, it would not be necessary to incorporate the molecular volume (or weight) of the compound.
The skin permeation of a drug molecule has been correlated with a linear combination of the physicochemical parameters or the group contributions of the corresponding drug in predicting skin permeability. This approach allows us to evaluate the contribution of each descriptor to determining skin permeability. However, this simple additivity-based method is not particularly impressive from the stochastic point of view, since the interrelations among factors governing the permeation of a drug molecule may be convoluted. In multiple linear regression models, the problem could be solved by the use of interrelation terms between the descriptors. However, it should be noted that multicollinearity of the descriptors decreases the robustness of a multiple linear regression model and makes the contribution of the descriptors unclear. In this study, we applied a neural network for its simplicity. In addition, the nonlinearity of a neural network model is able to deal with the effects of the heterogeneous structure of the skin on drug permeation. That is, it is considered that some neurons in the hidden layer may contribute mainly to permeation of hydrophilic drugs through polar pathway, whereas others to lipophilic ones through nonpolar pathway. Thus, a neural network analysis is clearly well suited to meet this need.
Goodness-of-fit to the experimental data is not a good criterion to evaluate the acceptability of neural network models, because it depends on the range of weights, the amount of input noises, and other parameter settings. Alternatively, a predictive RMS error obtained by a leave-one-out prediction method is useful for this purpose. In a preliminary study, we calculated predictive RMS errors for neural network models with a configuration of 4-x-1 (xϭ2, 3, ..., 7), in order to find the optimal one. Since the predictive RMS errors were 0.821, 0.717, 0.669, 0.700, 0.693, and 0.771 for xϭ2-7, respectively, we selected a neural network model with a 4-4-1 configuration as the optimal. The predictive RMS error (0.669 for 92 compounds) was smaller than the standard deviation of residuals from regression (SD residual ) of 0.712 obtained by 3) in which the log K p was predicted from log PC oct /w and molecular weight. As a computational method, the fragment approach of Pugh and Hadgraft gave a SD residual of 0.810 for 91 compounds. 15) It has been shown that the solvatochromic approaches are useful for predicting skin permeability. The SD residual obtained using the equations of Potts and Guy 7) and Abraham et al. 8) were 0.236 (nϭ23) and 0.197 (nϭ47), respectively. Recently, Pugh et al. 4, 10) proposed a combination of the solvatochromic approach and solubility/diffusion model. Although the approach of Pugh et al. 4, 10) would gave a mechanistic insight into skin permeation, its predictability was not so good as simple solvatochromic approaches, taking the estimation errors for both partition and diffusion coefficients into consideration. Considering that our dataset has much wider structural diversity than that of Abraham et al., 8) our present approach offers satisfactory predictability. It should also be noted that we used a Flynn's dataset 1) for a direct comparison between the previous 3, 15) and present models, in spite that the dataset includes permeability coefficients measured under different conditions (temperature, pH, skin preparation).
In conclusion, combination of MO calculations and neural networks allows us to predict the skin permeability of drugs from their molecular formula. We believe that application of this prediction method should be of significant help in future drug design. 
